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Abstract 
Preparative methods for scanning electron 
microscopy of chromosomes are dependent on the 
original scource of material. Chromosomes 
extracted from unfixed metaphase cells via 
isolation buffers tend to show topography and 
surface morphology which may have been induced by 
the choice of isolation buffer itself. 
Furthermore, this type of preparation often 
precludes any chromosome identification, as many 
metaphases have been pooled, and also the 
chromosomes from these preparations are not 
suitable for the banding techniques regularly 
used in clinical cytogenetics. Our own approach 
has been to use the standard cytogenetic 
approach, starting with methanol-acetic acid 
fixed, air dried metaphase spreads, allowing both 
identification of individual chromosomes, and 
also the facility for various banding procedures 
such as G and C banding to be performed. 
Chromosomes are subsequently "reprepared" for 
SEM, using rehydr at ion, glutaraldehye fixation, 
and osmium impregnation using Thiocarbohydrazide 
(TCH). This method produces chromosomes which 
can be examined at high resolution, without 
metallic coating, for their topography, surface 
morphology and chromatin organisation, and the 
changes produced by banding techniques which give 
rise to a structural alterations resulting in 
differential staining in the light microscope. 
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Introduction 
About two metres of DNA is packaged into 200 
microns of chromosomes before cell division in 
mammalian cells. Although some of the primary 
and secondary levels of this organisation have 
been elucidated, in term of nucleosome 
organisation and their packaging into chromatin 
(Kornberg , 1977, McGhee and Felsenfeld, 1980; 
Stratling et al. 1978; Thoma et al .1979; Finch and 
Klug,1976; Woodcock et al.1980) the higher levels 
of chromatin packaging within the metaphase 
chromosome remain largely hypothetical, based 
initially on transmission electron microscopy of 
intact (Dupraw , 1965), physically disrupted 
(Stubblefield and Wray, 1971) or biochemically 
extracted preparations (Paulson & Laemmli,1977). 
In many species, including human, the chromatin 
has been shown to be folded into looped domains, 
(Worcel and Burgi, 197 2 , Benyajati and Worcei 
197 6 , Cook and Brazell, 1975, Mullinger and 
Johnson,1979) but the further levels of chromatin 
condensation involved in chromosome packaging 
remain obscure. Differential staining or banding 
patterns along the length of the chromosome as 
seen in the light microscope would appear to 
indicate a non-homogeneous packaging at the final 
level of chromosome condensation, and recently we 
have observed structural alterations in the 
scanning electron microscope (SEM) in chromosomes 
treated to produce both 'G' and 'C' banding 
patterns. (Harrison et al. 1981, 1982, 1983a, 
Jack et al.1985). 
Previous ul trastructural obs .ervations of 
mammalian metaphase chromosomes have largely been 
performed on "bulk samples", where large numbers 
of metaphase cells from tissue culture have been 
accumulated by metaphase arrest, isolated in a 
variety of buffers, and lysed by i) vortex 
mixing, ii) shearing through hypodermic needles, 
iii) detergent, or iv) nitrogen cavitation, and 
pooled to provide a pellet of chromosomes 
suitable for both biochemical and/or 
ultrastructural investigation. These studies 
were performed initially in the TEM, using either 
thin sections of pelleted chromosomes (Adolph 
1981), or whole mounts of individual chromosomes 
on a carbon support film (Wray and Stubblefield 
1970) . The structure of the isolated chromosome 
was found to be dependent upon the conditions of 
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chromosomal liberation from the metaphase ce ll. 
Sections through chromosomes extracted in the 
manner of Wray and Stubblefield (1970) using 
hexylene glycol in a near neutral(pH6.5) 
isolation buffer, displayed a chromatin fibre 
diameter of approximately 40 nms, with the 
retention of membrano u s material over the surface 
of the chromatin (Stubblefield and Wray , 1971). 
Chromosomes extracted in a buffer of l ow pH (2.1) 
however, after nitrogen cavitation for cell 
disruption, (Skinner and Ockey , 1971) showed a 
more similar morphology to chromosomes observed 
in intact metaphase cells, both in the absence of 
surface membra ne contamination , and in chromatin 
packaging and fibre diameter (Allen TD unpub) . 
Comparison of diffe r ent extraction techniques in 
the SEM also displays variation in surface 
morphology according to the isolation buffer 
used. (Allen et al 1986). Thus hexylene glycol 
buffer extracted chromosomes show a largely, 
non-fibrous knobbly surface morphology, as do 
c hromo somes extracted and stabi lised by a neutral 
buffer containing spermine and spermidine 
(Blum ent hal et al.1979) . Low pH isolation buffers 
however show a more fibrous type of s urface 
structure (Alle n et al. 1986) . Thus, chromosomes 
isolated via isolation buffers, although useful 
in bulk preparation suitable for biochemical 
ana lysis, have shown great variation in their 
structure, indicating that some of this variation 
must have been induced during the isolation. 
Also, as the isolation procedures cause 
chromosomes from more than one cell to be mixed, 
it becomes very difficult to identify individual 
chromosomes . 
Our own investigations (Harrison et al. 
19 8 1, 1982, 1983a,b, 1985a,b; Jack et al. 1985; 
Allen et al.1986) hav e been directed towards 
developing a technique whereby the increased 
resolving power of the SEM can be applied to 
human metapha se spreads, thus retaining the 
capacity for individual chro mosome 
identification , and also direct comparison of the 
same chromosome in the light and scanning 
e lectr on microscope. Furthe rmore, direct 
v i sua lisati on of chromatin fibre organisation 
within the intact chromosomes is possible, and 
consequently any changes as a result of light 
microscope banding techniques can be monitored. 
Lymphocyte Culture, Light Microscopy and Banding 
Techniques 
Human peripheral blood lymphocytes are 
cu ltured for the production of metaphase ce lls by 
a standard cytogenetic protocol. (Harrison et al 
198 1). Briefly, this consists of culturing 1 ml 
of human peripheral blood in RPMI 1640 medium 
(20 mls) containing 20% foetal calf serum and 
1.1 25 mgms phytohaemagglutinin. 
0
The cells are 
cultured for 72 hours at 37 C, and then 
metaphases are accumulated by t h e addition of 
co l cemid (0.01 µg/ml) for 1. 5 hours. In contrast 
t o many tissue culture ce ll lines, the average 
mitotic i ndex from t hi s type of preparation i s 
approximately 2%. The cells are then swollen in 
hypoton i c KCl (75 mM) for 8 mins which also 
produces red cell lysis and fixed in 3 to 1 
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methanol/acetic acid fix, which is changed twice. 
This fixation , although primarily a LM 
preservation , has been shown recently by 
biochemical investigat i on to remove r e l atively 
little DNA, histone , or non-histone prote ins. 
(Burkholder and Duczek 1982). Metaphase spreads 
are then made by dropping the suspension, which 
has been maintained at 4°c for 1 hour, onto moist 
15 mm covers lips on 3 " by l" microscope s lides. 
The drops should be of suffic i ent volu me to 
oversp ill onto the slide itself so that the 
oversp ill can be subsequently used for monitoring 
the preparations for various banding treatments 
(see below). Fo r relocation in the SEH, the 
covers lips can be div i ded int o quadrants using an 
engraving scriber , and the quadrants numbe red 
1-4 . In this way, spreads or individual 
chromoso mes can be photographed in temporary L.M. 
preparations (see below) and subsequent l y 
relocated in the SEM (Harris on et al.1985b). 
The use of air drying, in which the 
retreating vapour/liquid interface is used to 
burst the ce lls and "release" individual 
metaphases , would normally be considered 
sub-optimal in terms of SEM preparat i on . 
However, there is no alternative which allows for 
the complete metaphase chromosomes to be 
liberated as a sing l e ce ll complement . 
Furthermore , our own investigations have shown 
that this air drying, fol l owed by rehydration and 
subsequent cr itical point drying, does not 
produce alteration in the final chromosome 
morphology when compared with chromosomes treated 
in an id entical manner but without air drying. 
(Harrison et al. 1985b;Allen et al. 1986). 
Clear l y therefore, the chromosomes are pe rhaps 
the most physically r esistant parts of the ce ll 
to osmotic and chemica l trauma, which is not 
al together surprising in view of the fact they 
are based on a 10,000 to one linear packaging 
ratio of a fibrous molecule concentrated by at 
least four orders of coiling and supercoiling. 
A freshly prepared metaphase spread, al l owed to 
air dry from 3. 1 methan ol/acetic fixative , 
provides the starting point for SEM preparations. 
If the chromosomes are to be observed wit hout 
band ing, the covers lip s are transferred directly 
to g lutar a ld ehyde. If banding treatments are to 
be used , the banding procedure is performed on 
the coverslip, which is then photographed under 
the light mi c roscope for subsequent direc t 
compa rison between light microscope stain in g 
patterns and surface structure when the same 
chromoso me is relocated in the SEM. For 
relocation, a tempora r y "wet chamber" is made by 
mounting a scribed coverslip in buffer on a 
normal microscope slide and covered wi th a l arge r 
covers lip temporari l y sealed with nai l varnis h. 
This is usually performed after G-band in g 
procedures, where the air - dried chromosom e 
spreads had been exposed to 0.025% tryps in 
(Difeo) for the op tim al period to achieve the 
" jus t banded" appearance (Harrison et a l . 1 983b ). 
(Usua ll y 5-10 secs at room te mpe ratur e . - tes t e d 
on "oversp ill" - see above), and the trypsin 
inactivated with 3% glutaraldehyde i n 0 .1 g 
Sorensen's phosphate buffer , (pH 7 . 4) for 20 mins. 
Covers lips are then rinsed in Gurr~ buffer pH6.8 
SEM of Human Chr omosom es 
(George Gurr, Searle Bucks ,UK) and s tained in 2% 
Giemsa (R66, Hopkins and Williams Essex, UK) also 
in Gurr' s buffer fo r 8 min s . The stained 
covers lip s are then mounted as above and examined 
under the light micr oscope . The individual 
metaphases are photographed and their positions 
noted in relati on to the coverslip markings, for 
relo ca ti on in the SEM. Although the "just 
banded" appearance is slig htl y sub - op timal for 
the light mi croscope , it does not impair 
chromosome identification in th e L.M. 
Furthermore, l onger periods of t r ypsinisat io n 
tend to produce chromosome col l apse (Harrison et 
al. 1983a ) . The combin ation of the " just ban ded" 
appearance in the LM and subsequent SEM 
preparation has l ed to optimal SEM preservation 
for comparison with LM banding. This co mparison 
has shown that areas o f stain retention i n the 
L.M. occur in the same region as circumferential 
grooves seen in the SEM. The improved resolution 
of th e SEM has already been shown to be of 
advantage in clinical cytogenetics where , for 
exa mpl e , in the human fragile X syndro me , the 
fragi l e site is distal to the terminal G band on 
the q arm of the X- chromosome, thus making exact 
localisation difficult. Using the groove pattern 
in the SEM however, the site was pinpointed to 
the X q 2 . 73 region (Harrison et al.1983b) . 
Preparation for SEM 
After LM examination and photography , the 
covers lip s wi th metaphase spreads are removed 
from between the light microscope slide and 
coverslip by flicking o ff the upp e r coverslip 
using a scalpel blade , and quickly immersing the 
covers lip in 3% glutaraldehyd e without air 
drying. After a brief rin s e in Sorensen 's buffer 
the chromosomes are fixed in 1% Oso 4 in the same 
buffer at room temperature f o r 10 mins , followed 
by three rinses in distilled water and 5 mins 
incubation at room temperature in a saturated 
solut i on of thiocarbohydrazide (Sigma) in 
distilled water. It is important that for this 
s tep the thiocarbohydrazide (TCH) in 100 mls is 
fresh ly prepared . Our own method is to dissolve 
2.5 gms TCH in boiling distilled water, and a ll ow 
to coo l to room temp. During this time, some 
recrystallization will take place, and the 
supernatant li quid is used. After the TCH, the 
covers li ps are washed 3 times in distilled water, 
and fixed once more in 1% Os0 4 in buffer for 10 
mins followed by a further repeat, so that i n 
all, the chromosomes hav e 2 TCH treatments 
followed by Os0 4 in each case. The chromosomes 
are then dehydrated through ascen ding 
concentrations of acetone, and crit i cal point 
dried from co
2
, using abso lut e acetone as 
t ransiti ona l fluid. 
Coating 
The original rationale for o smium-TC!! 
impregnation was to obviate the necessity for 
coa ting, in case detail was obscu r ed during 
metalis a ti on . Although the use of uncoated 
specimen s on a glass covers lip would appea r to be 
a recipe for disaster, protection against 
charging appears to occu r fr om the deposition of 
a thin TCH- osmium dioxide film ove r the surface 
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of the coverslip. This may occasio nall y fl ake 
off , and if this happens, charg ing will occ ur in 
these regions (Fig. 1). Furthermore, direct 
co mpar ison between t he same chromosomes uncoated 
(Fig . 2) and coated (Fi g. 3) shows that the fibre 
diameter of the chromatin increases by the 
expected amount of metal depos it ed , i.e. the 
d iam eter of the 30 nm fibre increases by 8 nm on 
deposition of 4 nm gold. The apparent doubling 
is due to th e fact that the sputter coati ng 
deposits the gold evenly around the chromatin 
fibre, increasing the diameter by 8 nm. 
Chromoso me preparations with gold coating 
obv i ously pro du ce a bette r secondary electron 
s i gna l, and consequently our routine preparations 
are lightly coated with 2-4 nm of gold as 
moni tared by a standard film thickness monitor 
in a routine bench sputter coater apparat us 
(Polaron). Providing the sputter coating 
apparatus is c l ean and well maintained, this 
brief sputte r coa ting does not appear to generate 
any decoration artefact. However, for 
non-osmium-TCH impregnated material, where signal 
is more dependent on the coating , ion beam 
sputter coating a llo ws the deposition of a 
greater thickness of metal with less possibil it y 
of decorat i on artefact (Allen,T.D ., unpub li shed). 
Observation in the SEM 
In theory, fine structura l detail of a 30 nm 
diameter chromat in fibre organisation shou ld be 
readily available on almost a ll routine scanning 
microscopes. In practice, we have not found this 
t o be the cas e . Our own exp e rience has been that 
the best results have been from instruments with 
a high resolution facility , either as scanning 
a tt a chments on large transmission instruments, 
(e.g. JE OL, Phili ps ) as field emission 
instruments, (eg Hitachi S800) or in the upper 
sp e cimen position of instruments such as the ISI 
DS 130 or I SI SS series. One further factor 
which shou ld also be taken i nto account is the 
total surface area availab l e for chromosome 
spreads whi ch can be easi l y examined . Routine 
light microscope cytogenetic analysis is 
performed over an entire 3" x l" light microscope 
slide, to ensure that comparative numbers (10 to 
20) o f we ll preserved and complete karyotypes may 
be analysed. Although initial analys i s is 
unlikely to be performed at the SEM level, the 
maximum surface area available for chromosome 
spreads whi ch can be viewed at high resolution 
can sti ll be a limiting factor. In field 
emiss i on microscopes such as the Hitachi S800 
this is no t a problem, but in transmission 
instruments with scanning attach ments, the 
maximum size for specimens may well be as littl e 
as 6 mm by 2 mm. In our own laboratory, use of 
an ISI SS40 instrument, which ha s an open bore 
final le ns with upper seco ndar y electron 
detector , allows 15 mm diameter covers lips to be 
examined over their entire surface, includin g 
tilting to approximately 30°. We fee l that th e 
ability to survey relati ve ly large numbe rs of 
metaphase spreads is important, as there can be 
wide var iatio n in their SEM morphology. At this 
point , it is worth stressing that only the best 
meta p ha se spreads will allow successful 
resolution of surface grooves and chromatin fib r e 
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Fig. 1 Area of coverslip with metaphase spread 
and interphase nuclei, showing charging ( light 
signal) adjacent to the boundary of osmium TCH 
coating (arrowed) which has become detached in 
this region. Field width= 95µm 
Fig. 4 Area of coverslip showing poorly spread 
metaphase cells . In spite of trypsinisation the 
chromosomes are obscured by both retention of the 
cell membrane, and contaminating cytoplasm. 
Field width= 40 µm 
organisation, and that clumping, retention of 
cell membrane, and incomplete spreading (Fig. 4) 
as seen in the light microscope are all 
compounded in the SEM. Add to these problems 
those that can arise during the SEM preparation 
steps; such as i) incomplete TCH impregnation, 
ii) retention of too much TCH precipitate, 
iii) charging due to the loss of the Oso
2 
+ TCH 
conductive film, iv) variation across a cover 
slip due to partial (post-fixation) air 
drying, (Fig. 5) and it can be readily appreciated 
why the ability to survey relatively large 
numbers of metaphases is important. Furthermore, 
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Figs. 2 ,3 The same osmium -TCH chromosome before 
(2) and after (3) sputter coating with 5nm gold. 
Good signal and resolution is apparent in the 
uncoated chromosomes (2) but this is enhanced, 
particularly in terms of contrast, by brief 
sputter coating (3). Field width= 6.5 µm 
selection of the less contracted chromosomes 
(presumably as a result of shorter times in 
colcemid) helps significantly in the 
demonstration of "prophase groove patterns" 
(Harrison et al.1985b) in metaphase chromosomes. 
Surface Morphology of Chromosomes in the SEM 
To date, the SEM has shown that chromosome 
surface morphology may be variable over the 
length of the chromosomes. This is perhaps 
indicative of the final spiralisation that occurs 
during late prophase and early metaphase 
chromosome condensation and may be the basis for 
the circumferential grooves which appear to be 
the structures responsible for the positively 
stained regions in G banded chromosomes. 
SEM of Human Chromosomes 
Fig. 5 Area at periphery of coverslip interpreted 
to have undergone a ir drying subsequent to the 
initial rehydration and fixation. The surface 
tension of the liquid-gas interface has affected 
those chromosomes in the bottom half of the 
microgaphy, leading to flattening and loss of 
surface morphology, in contrast to those 
chromosomes in the upper half of the field, which 
have maintained the individual chromatid 
morphology and surface topography, presumably as 
the liquid gas interface travelled only half way 
across the metaphase spread. Field width= 25 µm 
(Harrison et al. 1981, 1985b). In contrast to 
previous suggestions it is worth stat ing that in 
relocated G banded chromosomes, the Giem sa stain 
is washed out in the SEM preparative procedure, 
and therefore does not actively participate in 
the production of differential staining but 
merely refl ec ts the structural alterations 
brought about by the banding pretreatment such as 
trypsin or SSC. In the case of C-banding, SEM 
also reveals a variation in surface morphology 
and chromatin packing in the positively staining 
centromeric regions, which appear to retain a 
relatively dense concentration of chromatin , and 
also an intrafibrillar matrix which is sharply 
demarcated between the "C band" and more diffuse 
fibrous organisation of the non-C banded regions 
(Fig. 6). (Jack, et al. 1985). The appearance of 
a matrix material in the C banded regions is 
possibly indicative of a re-distribution of 
chromosomal proteins by the C banding 
pretreatments. Preliminary observations of 
chromosomes which have incorporated 
Bromodeoxyuridine for Harlequin banding (Jack 
unpublished) also show a variation in surface 
morphology between the normal and BUdR 
incorporated regions. 
Chromosomes prepared as indicated invariably 
allow resolution of the unit fibre, chromatin, 
which is approximately 30 nms in diameter. The 
fibre organisation of chromatin within the 
metaphase chromosome almost regardless of the 
pretreatment is one of a looped fibre, with the 
loops themselves appearing at the chro mosome 
surface, their ends apparently anchored deep 
30~ 
Fig. 6 Detail of "C" banded chromosome showing 
the abrupt change of surface morphology in the 
centromere region, and the concentration of an 
amorphous matrix amongst the chromatin fibres in 
this region (positively stained in the light 
microscope) . Field width= 3.5 µm 
Fig. 7 Detail of chromosome illustrating the 
fibre organisation at the surface and near a 
telomere. The majority of the fibre ends appear 
hemispherical, indicating that they reach the 
surface as a loop, and then pass back into the 
bulk of the chromatid. Field width= 2.2 µm 
within the chromosome (Harrison et a l. 1982; Jack 
et al. 1985). These loops may be twisted, to a 
degree that they are not easily resolved as two 
fibres, but sometimes as an apparently spherical 
ending fibre of approximately twice the diameter 
of chromatin (60-70 nm) (Fig. 7). 
Potential of the Scanning Electron Microscope 
for Internal Aspects of Chromosome Structure 
One of the more controversial aspects of 
internal organisation of chromosomes is the 
relatively recent suggestion of a central axial 
rod of non-histone protein forming a chromatid 
"backbone", or "scaffold" for the anchorage of 
chromatin fibres. This idea arose from hi stone 
depleted preparations which left a residual "back 
bone" of non histone protein after treatment 
of whole chromoso mes with heparin and dextran 
sulphate (Paulson and Laemmli, 1977; Earnshaw & 
Laemmli, 1983) . Clearly, such a structure would 
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be more acceptable if it could be demonstrated in 
the intact, non-histone depleted chromosome. 
Some of our own recent experiments may have 
provided supporting evidence for such a 
structure. Using routine LM silver staining 
techniques for the demonstration of nucleolar 
organiser regions in the human karyotyp e 
(Blo om and Goodpasture , 1976) , the chromosomes 
were examined using a Robinson BSE detector in 
the ISI SS40 SEM. Strong signal was obtained as 
expected from the nucleolar o rganiser regions 
themsel ves , but a scaffold lik e central axial rod 
was also visible down the centre of each 
chromatid (Fig. 8). Although this observation 
could reasonably be used as evidence for a 
scaffold type of structure, Burkholder (198 3) has 
recently demonstrated th a t all chromosomal 
elements, including DNA, have some affinity for 
si lver, and thus the backscattered electron 
images may alternatively reflect a gradient of 
packaging of DNA and protein at the "core" of the 
ch r omosome s , which becomes more dispersed t owards 
the edges. 
An alternative meth od of demonstrating 
internal chromatin fibre o rganisation within th e 
inta c t chromosome has been to physically rem ove 
external chromatin, thus exposing "internal" 
surface morphol ogy within the chromatid ax is. 
Although ion beam etching has generally been 
shown to be destructive and prone to charging 
artefact for biological specimens (Allen et al. 
1986 ) , the more recent use of fast atom 
bombardment appears to overco me some of these 
problems with respect to etc hing of biological 
material. Chromo somes would also appear to be 
particularly su itabl e specimens for fast ato m 
bombardment, due to their physical resistance (as 
discussed ear li e r) part i cularl y af ter 
glutaraldehyde and osmium TCH fixation. 
Preliminary observations using this technique 
(Allen et al. 1986) indicate that the remaining 
structures observed after fast ato m bombardment 
do not appear to show r esidua l damage, (Fig. 9) 
and the use of un cha r ged fast atom bombardment 
rather than charged i on beam etching has 
eliminated the "jagged mountain" type of charge 
artefact (which occ urs as a r esu lt o f charged 
pa rti c le bombardment). 
Conc lu sions 
Chromosomes were perhaps one of the earlie st 
of biological specimens to be exa mined in the 
first commercially available sca nning electron 
microscopes (Christ enh us s et al. 1967 ). The 
relatively disappointing r es ults produced at this 
stage in terms of increase of knowledge about 
chromosome structure possibly led to a dampening 
of enthusiasm for the technique. More recently 
however, the advent of instruments with routinel y 
achievable high resolution, coupled to novel ways 
of chromosome preparation, has led to a 
re-awakening of the potential of scanning 
electron microscopy in the study of chromosome 
morphology. Our own view is that SEM is useful 
at several different levels of chromosome 
morphology, viz, i. Surface morphology of 
alteration in chromosom e structure induced by 
banding techniques. ii. Extension of light 
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Fig. 8 Backscattered electron image cf human 
metaphase preparation stained with silver for 
demonstration (at the L. M. level) o f nucle o l a r 
orga niser regi ons, which appear as paired dots 
o f strong signal. (arr owed ). Also appearing in 
the backscattered imag e (not apparent by light 
microscopy) is a cent ral core indicating a 
concentration of silver staining in this region 
of the chromatids. Field width= 15 µm 
Fig. 9 Human metaphase chromosomes, Methanol/ 
Acetic fixed, G banded, and Glutaraldelyde osmium 
TCH fixed, critical point dried and subjected t o 
5 mins fast Atom Bombardment. The surface 
material has been removed, exposing sub-surface 
chromatin fibres in a central band along th e 
length of the chromosome. Field width= 8.0 µm 
microscope karyotyping to levels of SEM 
resolution. iii. Visualisation of chromatin fibre 
organisation at the surface of the chromosome. 
iv. Visualisation o f chromatin fibre organisation 
within the body of the chromosome 
either, a) indirectly via backscattered electron 
imaging, or b) directly, after exposure to fast 
atom bombardment. 
SEM of Huma n Chromosomes 
Finally, future applications of scanning 
microscopy to chromosome structure have all the 
potential of immunolabelling at the SEM level 
particularly in view of the recent report of the 
commercial availability of biotinylated 
nucleotides (Hutchinson, 1985) , allowing the 
feasibility of gold labelled DNA- DNA 
hybridisation and DNA-RNA hybridisation to be 
studied at SEM levels of resolution. 
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Discussion with Reviewers 
K. W. Adolph: Do the authors believe that their 
observations of circu mferenti al grooves support 
the model of a co il ed chromatid as the final 
level of structure or a model consisting of 
linear accumu lati ons of loops, with the grooves 
marking the boundaries of these regions? Is 
there any evidence in the chromosome substructure 
they observe for the f i nal sp irali zation of 
chromatids, besides the grooves? 
Authors: We cannot at the moment say for certain 
that the circumferential grooves are in the form 
of a flat spiral around each chromatid, or a 
series of discrete constrictions . This is 
because the "underside" of the chro mos ome is not 
observab le as it is attached to the substratum. 
Our current view however is that the 
c ir cumferentia l grooves most likely indicate the 
posit i on of the areas between the gyres of the 
quaternary coils of chromatin. Furthermore, the 
increased level of resolution and detail 
available in the SEM means that grooves 
equivalent to a prometaphase light microscope 
prep can be seen in metaphase chromosomes 
(Harrison et al. 1985b) . 
K.W. Adolph: What are the prospects for utilizing 
SEM to determine the substructure of the 30 nm 
chromatin fibers? Are the hi stone -DNA 
interactions sufficiently preserved to permit the 
arrangement of nucleosomes to be distinguished? 
Authors: In theory, the 7-8 nm diameter of each 
nucleosome should be resolved by modern 
microscopes (in our own case a resolution of 4 
nm). To date however, we have not ourselves 
observed, nor know of any other reported 
obse rvation s of chromatin substructure in the 
SEM. Thus it would appear that detail below the 
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l evel of resolution of the chromat i n f i bre is 
currently not be in g preserved during specimen 
preparation, rath er than not resolved in the 
mi croscope. If this is due to contaminating 
proteins obscuring sub - chromatin fibre 
organ isati on , there is a good possibility that 
such protein could be removed using fast atom 
bombardment (see text). 
A.M. Mullin ger: Would you like to amplify your 
suggestion that chromosomal proteins may have 
been redistributed by C banding techniques? 
Authors: The suggestion was made on account of 
the appea r ance of the centromere regions of 
chro mosomes in the SEM afte r "C" banding 
pret reatme nt with barium hydroxide solution. The 
centrome re regi ons retain a fibrous organisation 
but the fibres appear embedded in a "matri x" when 
viewed in the SEM. These areas of the 
chromosomes are particula rl y in sharp contrast to 
adjacent non-centromeric, regions in which the 
fibre organisation is considerably more diff use , 
indicative of an extract i on of material in these 
regions due to the C- banding protocol . As the 
centromeric regions appear to contain more 
material than similar areas on untre ated 
chromosomes , we ventured to suggest that the 
origin of this material might be from other areas 
of the chromosome, released by the C banding 
treatment , to migrate i ·n some unknown fashion to 
the centromere regions . Alternatively, as it is 
well established that the constitutive 
heterochromatin remains highly condensed and 
resistant to alkali extraction, the surface 
morphology might also indicate a partial collapse 
of fibre organisation in the centromere regions, 
but without the protein extraction that occurs 
over the rest of the chromosome. 
